Janus type Water-Splitting Catalysts have attracted highest attention as a tool of choice for solar to fuel conversion. AISI Ni 42 steel was upon harsh anodization converted in a bifunctional electrocatalyst. Oxygen evolution reaction-(OER) and hydrogen evolution reaction (HER) are highly efficiently and steadfast catalyzed at pH 7, 13, 14, 14.6 (OER) respectively at pH 0, 1, 13, 14, 14.6 (HER). The current density taken from long-term OER measurements in pH 7 buffer solution upon the electro activated steel at 491 mV overpotential (η) was around 4 times higher (4 mA/cm 2 ) in comparison with recently developed OER electrocatalysts. The very strong voltagecurrent behavior of the catalyst shown in OER polarization experiments at both pH 7 and at pH 13 were even superior to those known for IrO 2 -RuO 2 . No degradation of the catalyst was detected even when conditions close to standard industrial operations were applied to the catalyst. A stable Ni-, Fe-oxide based passivating layer sufficiently protected the bare metal for further oxidation. Quantitative charge to oxygen-(OER) and charge to hydrogen (HER) conversion was confirmed. High resolution XPS spectra showed that most likely γ−NiO(OH) and FeO(OH) are the catalytic active OER and NiO is the catalytic active HER species.
Introduction
The limited availability of primary forms of energy including non-renewable fossil based energy sources such as oil and gas is increasingly forcing engineers and scientists to develop techniques to extract electric energy from renewable energy sources [1, 2, 3, 4, 5, 6] . Electrochemically initiated water splitting allows the conversion of electricity into fuel-hydrogen plus oxygen, with which a fuel cell can be operated [7, 8, 9, 10, 11, 12,] . Thus photo synthesis, i.e. the conversion of light energy into "chemical energy" can be artificially realized via the combination of e.g. light driven solar cells plus a water electrolysis cell [13] . It is well known that the effectiveness of this attractive solar to fuel conversion route is severely restricted by the high overpotentials caused by commonly used electrode materials on the anode side [14, 15] . This is particularly true when the electrochemical cleavage of more or less untreated water is performed, when the splitting procedure is carried out at neutral pH value [14] . Ideally electrode materials that have proved to be highly attractive towards electrochemically driven splitting of water in alkaline regime, should also show superior OER characteristics in neutral regimes ensured by potentials that are stable over long operating times and do not differ much from the reversible H 2 O/O 2 potential (1.228 V vs. RHE at 298.15 K).
Particularly OER electrocatalysts that function under neutral conditions are promising in as much as they could form part of a concept for seawater-splitting using renewable energy sources. In addition to multiple pH suitability of OER electrocatalysts, such state of the art electrocatalysts will definitely derive further benefits from their multi-functionality, i.e. should be an ideal tool to catalyse both OER plus HER.
To date the development of cheap, earth abundant electrocatalysts exhibiting appropriate characteristics regarding catalytic activity and stability whilst initiating HER plus OER over a broad pH range is still considered to be very challenging.
Noble metals like Pt, Ir, Ru, Au or noble metal containing compounds like IrO 2 -RuO 2 , IrNiO x , RuO 2 -NiO are famous for their comparatively low overpotential when used as an OER electrocatalyst in both alkaline and neutral regime [16, 17, 18, 19, 20] . The often claimed high costs of iridium and ruthenium can, at present not be considered as a serious obstacle taken into consideration the fact that commercially available IrO 2 -RuO 2 based catalysts made off micrometre thick, PVD sputtered IrO 2 -RuO 2 layers deposited on titanium support material are rarely far more expensive than 6 $/100 cm 2 . However it is hard to deny that for widespread use in catalysis the noble metals, iridium as well as ruthenium need to be replaced because of their scarcity in Earth's crust. The electrocatalytic OER properties of Copper oxide based films were recently improved significantly by Sun et al. [21] . For decades Nickel metal as well as Ni containing compounds are known for their sophisticated properties in terms of electrocatalysis [22] . The high OER performance of known Ni containing alloys and oxides is to the best of our knowledge at least up to some extent restricted to alkaline media, i.e. at higher pH regions [23, 24, 25] . Thus Chatenet et al. reported on very good electrocatalytic OER properties of AISI 316 steel under alkaline conditions [26] . Different metals and steel types are since decades in the focus of interest for electrochemical applications [27, 28, 29] .
Chlorine oxidized AISI 304 steel (Cr-Ni stainless steel) was found to be a mediocre OER electrocatalyst requiring 500 mV overpotential to ensure 0.65 mA cm -2 current density in pH 7 corrected 0.1 M K 2 HPO 4 /KH 2 PO 4 solution [23] . Generally the determined overpotentials for OER on recently developed materials in pH 7 media are relatively close to 500 mV at 1 mA cm -2 current density [30] . An overpotential of 610 mV for the onset of OER at pH 6.9 was reported for ZrS 3 nanosheets [31] . Wu et al. [30] reported a 480 mV overpotential at stable current density of 1 mA/cm films for OER in alkaline and neutral media and under optimal synthesis condition the films exhibited sufficient water splitting at pH 7 (470 mV overpotential at 1 mA/cm 2 current density) [32] .
Very recently we reported on surface oxidized mild steel S 235 as a prospective electrode material for the anodic splitting of water under neutral conditions and determined for the OER in 0.1 M phosphate (pH 7) buffer solution η=462 mV at 1 mA/cm 2 current density [33] . We suggested manganese-and iron-oxide species as the potential catalytic active species on the periphery of the chlorinated steel [33] . Electrodeposited FeO(OH) [34, 35] besides cobalt-phosphate compounds [36, 37] are among the known non noble compounds for which slightly better OER activity (down to 410 mV overpotential at 1 mA/cm 2 ) and acceptable stability during water splitting at neutral pH has been demonstrated [37] . However even these state of the art electrocatalysts exhibit at pH 7 a OER performance far below that of the PSII tetrameric Mn clusters which is able to sufficient split water under neutral conditions at overpotentials around 160 mV [38, 39, 40, 41] . Thus under alkaline conditions non-noble metal-based OER electrocatalysts efficiently split water at overpotentials in the range of 200 mV [42, 43, 44, 45, 46 ] and show in addition high catalytic stability. In contrast the evolution of non-noble metal-based OER electrocatalysts exhibiting similar steady state performance in neutral medium is not nearly as far. In addition multiple pH characteristics of earth abundant materials, i.e. the suitability to catalyze OER over a wide pH range on benchmark level which would pave the way for the widespread use has to the best of our knowledge not been shown so far. Electrocatalytically initiated hydrogen evolution is considered to be less demanding than the oxygen evolution reaction. High catalytic activity for HER with overpotentials far below 4 200 mV at 10 mA/cm 2 current density under alkaline or acidic conditions was proven for a large number of materials [47, 48, 49, 50, 51, 52, 53] . However, very rarely groups succeeded in designing an electrocatalyst that shows both, substantial OER + HER activity [53, 54] . Electrocatalysts that are suitable to support OER as well as HER in the same media can be utilized for the bipolar electrolysers of water electrolysis [55] . Conductive plates which are placed in an electrolyte between two "outer" electrodes connected to the positive and the negative pole of a power source will carry opposite charges on their periphery transforming the electrodes to so-called bipolar electrodes. A bipolar cell configuration substantially simplifies the design of a watersplitting device as both, OER and HER are catalysed upon each of these bipolar electrodes and only both "outer" electrodes but not the central electrodes require a direct power feed.
We herewith show that a surface modification of AISI Ni42 steel converts it to a highly efficient OER electrocatalyst working under neutral-and alkaline conditions (pH 7, 13, 14 and 14,6). In addition HER was initiated at pH 0, 1, 13, 14 and 14.6 upon those steel samples at sufficient low overpotentials leading to a remarkably stable HER current.
Results and Discussion
2.1 OER properties in neutral medium. Remarkably, neither was the characteristic Ni(II)-Ni(III) oxidation wave obtained, nor any peak in the cathodic part of the CV could be assigned to typical Ni(III)-Ni(II) transition. In contrast, a significant cathodic peak at a potential of ~ 1.30 V versus RHE exists in the CV of sample Ni 42-300 (Figure 1a ) that can be clearly assigned to the Ni(III)-Ni(II) reduction. From OER on pure Ni electrodes is known that there exists a direct proportionality between the amount of active material based on the Ni(II)/Ni(III) redox system and the charge capacity, Q, calculated by integrating the cathodic voltammetric sweep between the uppermost limit and ca. 1 V vs. RHE [56, 57] . Such an analysis performed on the CV given in Figure 1a between ~1. (Figure 1c ). This impressively implies a high amount of electrocatalytic active material. In contrary the CV of untreated ASIS Ni42 showed no cathodic voltammetric sweep suggesting a capacity of 0 (Figure 1b) . We recently reported on electro-activated AISI304 steel as a potential OER electrocatalyst in alkaline regimes, i.e. in 0.1 M KOH and found under optimized surface modification conditions for the integrated Q of the corresponding CV curve a value of 27.57 mC/cm 2 at 20mV/s sweep rate [45] . However Ni based compounds have rarely been considered as an anode for water-splitting in neutral medium, and to the best of our knowledge the charge capacity Q as a scale for the amount of catalytic active mass referring to the Ni(II)-Ni(III) redox system has not been determined in pH 7 medium.
Chronopotentiometry data demonstrate the very high stability of sample Ni42-300 during electrocatalysis under working conditions (0.1 M KH 2 PO 4 /K 2 HPO 4 pH 7 solution; 4 mA/cm 2 current density) see Figure 1d , gray curve and in addition underpin the high OER performance of sample Ni42-300 derived from non-steady state measurements (Figure 1a Figure S1 black curve). These data represent an outstanding OER activity under neutral condition and represent a significant enhancement when compared with the OER characteristics of sample Ni42 (Figure 1d , red curve).
On untreated Ni42 steel the required overpotential for OER to guarantee 4 mA/cm 2 current density in 0.1 M K 2 HPO 4 /KH 2 PO 4 was positively shifted by ~ 180 mV when compared to sample Ni42-300 (η= 668 mV; Figures 1d, gray curve plus black curve). This impressively confirms the increase of OER performance of Ni42 steel at pH 7 upon this type of surface oxidation. To date the highest electrocatalytic activity for OER on steel surfaces under neutral conditions was reported for surface activated mild steel S235 exhibiting η= 462 mV at 1 mA/cm 2 in pH 7 buffered solution [33] . In general most of the established OER electrocatalysts show at similar overpotentials of around 500 mV a OER current density that is approximately four times lower (1 mA/cm 2 ) [31, 30, 34, 35, 36, 37] . In polarization measurements Co 3 O 4 nanowire arrays [58] ) [59] . Unfortunately no long-term voltage-current behavior was shown and the release of oxygen was not quantified [59] .
The release of gas bubbles visible to the eye on the surface of sample Ni42-300 was observed throughout the chronopotentiometry measurements. Our electro-activation procedure creates on the AISI Ni 42 steel a passivating oxide layer which sufficiently protects the metal matrix below the layer against further oxidation. Cross sectional analysis (vertical plane imaging) of samples was performed by dual beam FIB-SEM (focused ion beam) technique in order to estimate the thickness of the oxide layer ( Figure S2 ). The thickness was around 4.7 µm. To confirm the assumption that the current determined upon electrochemical measurements is due to oxygen evolution we properties (see Experimental section for details). The Faradaic Efficiency regarding OER of mild steel S235 at the same current density was significantly lower and amounted to only 67% after 3000 s of chronopotentiometry in 0.1 M KOH [33] . The Faradaic efficiency of a variety of OER electrocatalysts under neutral conditions has been investigated by several groups and in most cases exhibited significantly lower values than in the current study. Manganese oxides based OER electrocatalysts as a model system for the oxygen evolving complex of photosystem II were frequently studied and based on head space measurements the Faradaic efficiency amounted to 78% after 90 min of OER in pH controlled Na 2 SO 4 [60] . The charge to oxygen conversion rates of recently developed full water splitting electrocatalysts determined in alkaline solution ranged between 95.8 and 100% [109, 110, 112] . A comparison of the OER properties of Ni42-300 at pH 7 with the corresponding characteristics of noble metal containing catalysts is a sine qua for an in-depth evaluation of the electrocatalytic characteristics of our material. We chose commercially available IrO 2 -RuO 2 sputtered on titanium as reference sample (sample IrO 2 -RuO 2 ) for OER activity and stability at pH 7 and pH 13. A direct comparison of the OER performance of sample Ni42-300 and performance significantly (Figure 3a , gray curve). In comparison with the outcome of our earlier studies [23, 45, 33] with respect to the overall electrocatalytic OER specifications of surface treated steel under neutral conditions, our current results present a significant improvement. Whereas surface activated AISI 304 steel showed at pH 13 superior electrocatalytic OER properties when compared to IrO 2 -RuO 2 [45] , our group failed until recently to significantly improve the OER properties of steel upon surface oxidation to a level that makes it at least nearly competitive to IrO 2 -RuO 2 regarding water-splitting properties under neutral conditions [23, 33] .
Tafel plots (Figure 3b ) reflect the findings based on non-steady state electrochemical measurements made. Whereas in the lower overpotential region (< 500 mV) IrO 2 -RuO 2 (Figure 3b , green squares) exhibited substantial higher upon OER initiated current density at a defined potential when compared to sample Ni42-300 (Figure 3b , black squares), this changes at an overpotential of ~ 550 mV. Sample Ni42-300 reached (at pH 7) a current density of 10 mA/cm 2 at 1.85 V versus RHE (Figure 3b , black squares) whereas a 50 mV higher potential was required for IrO 2 -RuO 2 to show the same current density (Figure 3b , gray triangles). Therefore Tafel lines that can be assigned to both samples move (toward higher potentials) towards each other in the lower overpotential region (<500 mV) and move (toward higher potentials) apart from each other in the higher overpotential region (>500 mV) respectively (Figure 3b [31, 89] were determined. We investigated oxidized standard carbon manganese steel S235 as a potential OER electrocatalyst in pH 7 regime and found at lower potentials a Tafel-slope of 172.4 mV dec -1 , which is comparable to the slopes reported here and those slopes reported in the literature [30, 31, 33] .
Origin of the layer formation-The catalytic active species. We recently showed that the Ni enrichment in the outer sphere of AISI 304 steel during the electroactivation (300 min, 1.77 A/cm 2 , 7.2 M NaOH) very likely occurs due to a dissolution mechanism rather than upon an electro migration process [45] . However electromigration, as a potential driving force for the layer formation, could not be excluded with absolute certainty, and may at least reinforce the observed changes of the composition of the surface of AISI 304 steel during anodization [45] . This role of electromigration applies substantially more for the data we present in the current study. Whereas AISI 304 steel revealed a considerable mass loss (~ 7.1 mg) via electro-activation [45] , the average mass loss detected after electro-oxidation of Ni42 steel amounted to 0.092 mg (Table S1) , which is over 70 times less than in the case of activated AISI 304 steel [45] . Due to the relatively high amount of electrolyte (200 mL) the concentration of Fe, Ni and Mn was below the detection limit of our ICP OES device, and in addition did not leave sufficient material for an analysis via Atomic
Absorption Spectroscopy (AAS) as performed in our recent study [45] . Neither Ni nor Fe ions could Figure S4 . The composition of the electrode periphery derived from the cationic distribution on the surface of sample Ni42-300 (80.8% Ni, 18.55% Fe, 0.57% C) confirmed our expectation that a Ni containing compound is the predominant cationic species of the surface oxidized Ni 42 alloy (Table S2 ). In direct comparison with untreated alloy (sample Ni42) the Ni content was substantially increased from 26.6 at. % to 80.8 at. % whereas the iron content was found to be substantially decreased (Table S2 ). Due to the lack of mass loss (Table S1 ) during electro-activation, and the absence of hints that would support the hypothesis that dissolution at least of some ingredients of the steel takes place (no coloration of the electrolyte, no Ni, Fe ions in the electrolyte, no layer deposited on the counter electrode)
we conclude that electromigration of Ni to the surface is the most likely origin for the Ni enrichment and Fe depletion in the outer sphere of the activated steel obtained during anodization. Electromigration, which means a mass transport caused by a momentum transfer e-→ M+ at high current densities [61] is supposed to be responsible for the growth of thin layers and was obtained by Medway et al. for a film growth on Ni metal during electrochemical cycling [62] .
In one of our previous reports dedicated to electrocatalytically supported oxygen formation upon oxidized steel surfaces we determined, on the basis of XPS studies, γ−NiO(OH) as the potentially catalytic active species, or at least the dominating source for catalytic active species on the periphery of the treated steel for OER in alkaline medium (0.1 M KOH) [45] . Bediako et al. investigated OER at pH 9.2 upon Ni containing films that have been generated via electrodeposition starting from Ni 2+ containing borate solutions [63] . Detailed, XANES and EXAFS based structure-activity correlations indicated that it is very likely that γ−NiO(OH) is the catalytic active OER species in this Ni containing film under more neutral conditions (pH 9.2). These data challenged the long-held notion that the beta phase of NiO(OH) is a more efficient catalyst.
Therefore based on our findings for OER at pH 13 [45] and the findings of other groups for OER at pH 9.2, we expected to also detect γ−NiO(OH) as the catalytic active OER species on the surface of sample Ni42-300 during water splitting in 0.1 M phosphate buffer solution (pH 7).
Figures 4a, b display high resolution Ni 2p and Fe 2p spectra of Ar etched, as well as untreated Ni42 and Ni42-300 samples.
The 2p 3/2 positions of some reference compounds [64, 65, 66, 69, 70 ] are indicated by gray vertical bars.
The Ni 2p spectrum of the untreated sample Ni42 (Figure 4a ) contains both metallic and oxidized
Ni. The Ar etched Ni42 showed predominantly unoxidized Ni, whereas the Ar etched Ni42-300 exhibited metallic (Ni) fractions plus oxidized species that we determined as γ−NiO(OH). Ar ion etching obviously reduced +3 oxidized Ni because Ni 0 is missed in the surface of untreated Ni42-300 similar to data reported by Leinen et al. [67] . The significantly enhanced signal to noise ratio and higher resolved satellite structure of the spectrum for the non-etched sample Ni42-300
(compared to that of untreated sample Ni42) is due to the higher Ni concentration on the surface of the sample and can clearly be seen in Figure 4a . The presence of metallic Ni and Ni(II), species such as NiO or Ni(OH) 2 , on the surface of sample Ni42-300 can be rather excluded. To our experience very harsh oxidative conditions of the anodization procedure (300 min, 2 A/cm 2 current density) completely converts Ni 0 in Ni based steels into Ni(III) species [45] . γ−NiO(OH) was found to be the dominating Ni species on the surface of anodized Ni42 steel and this confirms our expectation that Ni species are responsible for the electrocatalytic activity regarding oxygen formation upon the surface in aqueous media. This agrees very well with a recent operando X-ray absorption spectroscopy (XAS) study in which (Ni, Fe)OOH catalysts were characterized during OER operating conditions [68] . From the Fe 2p spectra ( The roles that Fe species (cationic distribution of Ni42-300:80.8% Ni, 18.55% Fe) may play in enhancing the oxygen evolution from water upon Ni-based electrocatalysts is to date not fully understood. In our recent study dedicated to activated AISI 304 steel we were able to prove a strong dependence of the electrocatalytic OER properties at pH 13 on the Ni:Fe relation, and found optimal OER performance in case of a cationic distribution of 67% Ni and 33% Fe [45] .
Several groups including Corrigan et al. [71] and Trotochaud et al. [85] already discussed the effects of Fe incorporation on Ni/Fe oxyhydroxide thin films. In addition to full-experimental approaches computational based results have also been exploited [72] . Generally, in case of thick layers a substantial portion of the applied potential during OER polarization experiments will drop across the catalyst film to drive the transport of electrons through it when the layer is not sufficiently conductive. As stated in these reports Fe embedded in NiO(OH) films will reduce the resistivity and thus for thick films (> 1 µm) Fe impurities is a prerequisite for low overpotentials determined in electrochemically initiated OER. On the basis of these findings we assume that in our case an "incorporation" of 18.5% Fe into the Ni-oxide based layer (Table S2 ) is required to ensure a low conductivity of the relatively thick layer (~4.7 µm, See Figure S2 ) and will lead to the low overpotentials obtained by us. An activity enhancement of the catalytically active Ni ions in our samples upon partial-charge transfer between them and Fe ions resulting in the formation of Ni 3+/4+ with increased oxidizing power as shown by various groups for the binary Ni-Fe-oxides [73] could also play a role. For instance a charge transfer was confirmed between ultrathin NiO(OH) layers and gold substrate by Yeo and Bell [78] .The electron withdrawing effect of highly oxidized Fe [85] . As can be taken from Figure 4 b Fe in oxidation state +3 indeed dominates also on the surface of sample Ni42-300.
In addition it is long been a discussion about the transition between for instance γ−NiO(OH) and β−NiO(OH) due to unintentional-or intentional Fe incorporation and its effect on the electrocatalytic OER efficiency [74, 75] . Redox phase transitions between Fe(III)/Ni(III)/Ni(IV) oxyhydroxides in Fe-Ni OER electrocatalysts at oxidative potententials have been obtained very recently upon exploiting ambient-pressure X-ray photoelectron spectroscopy (APXPS) [76] .
OER properties in alkaline medium.
Given the composition of the surface of our oxidized steel Ni42 (Table S2) , and based on our studies on OER under alkaline conditions upon modified Ni-Fe alloys [45] we expected strong electrocatalytic OER performance of sample Ni42-300 also under alkaline conditions. We evaluated the OER properties of sample Ni42-300 in 0. an OER performance similar to the one determined for OER at pH 13 on AISI 304 steel, electrooxidized in a comparable way (269.2 mV overpotential at 10 mA/cm 2 ) [45] and is significant superior to the OER properties of both, chlorinated AISI 304 steel (260 mV at 1.5 mA/cm 2 ) [23] or chlorinated S235 steel (347 mV overpotential at 2.0 mA/cm 2 ) [33] at pH 13. At this pH value sample Ni42-300 exhibited stronger voltage current ratios within OER polarization experiments than IrO 2 -RuO 2 (η= 351 mV at j=10 mA/cm 2 ; Figure 5c , green curve). The OER performance of Ni42-300 at pH 13 is on a similar level to that of non-noble metal based state of the art catalysts recently developed by other groups including Co 3 O 4 nanoparticles [77, 78] , Co 2 P nanoparticles [79] , -NiCo 2 O 4 -graphene hybrids [80] ; Ni 3 S 2 nano arrays supported by Ni metal [81] ; CuFe(MoO 4 ) 3 [82] ;Pr 0.5 Ba 0.5 CoO 3 [83] ; NiCo 2 O 4 aerogels [84] ; Ni x Fe y (OH) 2 [85] and Ni x Fe y O z nanoparticles supported on glassy carbon, [44] all of which are significantly more expensive and complex to produce. The OER performance of our catalyst required to ensure 10 mA/cm 2 current density was found to be even reduced throughout the 450000 s of chronopotentiometry (η=196 mV; Figure S6 ). Under repeated cycling of the potential the degradation of electrocatalysts is usually found to be increased. However a stronger currentvoltage behavior can be derived from the CV recorded after 1000 cycles when compared to the one determined at the beginning of the experiment (Figure S7 ), thus confirming our expectation that the OER performance of sample Ni42-300 will become even better during usage in OER experiments. After 1000 cycles a current density of 130 mA/cm 2 was reached at 1.5 V vs. RHE (dashed curve in Figure S7 ) whereas the first scan showed 115 mA/cm 2 at 1.5 V vs. RHE (black curve in Figure S7 ). This increase of the OER activity of an electrocatalyst upon strong usage is initially unexpected. However the group of Chatenet made similar obtainments for 316 steel based electrodes in lithium-air batteries [26] . The Tafel As can be taken from previous reports, Tafel lines of surface activated steel samples showed in the lower potential region slopes of 49 mV dec -1 (AISI 304) [45] , 58.5 mV dec -1 (S235) [33] whereas untreated steel showed significant higher slopes of 66 mV dec -1 (AISI 304) [45] and 102 mV dec -1 (S235) [33] with one exception: 30 mV dec -1 (AISI 316 in 1 M KOH) [87] . In addition the value for the Tafel slope of sample Ni42-300 in 0.1 M KOH (71.6 mV dec -1 ) is similar to recently reported Tafel slopes of NiFe alloy [88] , iron electrodes [89] , carbon supported NiO nanoparticles [44] and for "fresh"
Ni metal surfaces. [89] Recently developed bi-functional electrocatalysts exhibited slopes between 52 and 89 mV dec -1 for the OER at pH 14 [79, 110, 111, 112] .
IrO 2 -RuO 2 showed at pH 13 Dual Tafel behavior (within the investigated potential region) with lower slopes at lower overpotential regions (101.1 mV dec -1 ) and higher slopes at higher overpotential regions (Figure 5e ). The value determined for sample Ni42-300 (71.6 mV dec -1 ≙ 2.1
x RT/F) agrees well with the value that was found to be characteristic of an O 2 evolution mechanism involving a reversible one-electron transfer (2.3 x RT/F) [90] . In summary, supported by the electrochemical measurements, our surface oxidized Ni-42 steel proved to be an OER electrocatalyst that is, highly active in neutral as well as in alkaline conditions (pH 7, 13, 14 and 14.6).
OER properties in acidic medium. Ni based alloys are famous for their excellent OER
properties in alkaline regimes [91] . Generally very few metal oxides can survive under oxidative potentials in acidic regimes [92] and metal oxide based catalysts have very rarely been checked for catalytic activity under both, alkaline and acidic conditions. Again Rutile type IrO 2 and RuO 2 seem to be the material of choice when good water splitting properties are desired at low (<< 7) and high (>>7) pH values [93, 94, 92, 95, 96] . In terms of the overall OER activity and stability under acidic catalysis conditions IrO 2 is considered as the best compromise [96] . In order to evaluate the anodic water-splitting properties in acidic regimes we performed cyclic voltammetry studies on sample Ni42-300 in 0.05 M H 2 SO 4 from which an overpotential of ~360 mV at 1 mA/cm 2 current density can be revealed ( Figure S8 ). An overpotential of ~ 200 mV for the OER on mesoporous templated IrO 2 surfaces in 0.5 M H 2 SO 4 was reported by Strasser et al. [96] . However we did not detect reasonable steady state behavior for the OER at pH 1 initiated on the surface of sample Ni42-300.
The sample was found to be unstable in pH 1 medium at positive potentials for longer time and exhibited even at very low potentials (~0. [92] . The pronounced solubility of metal oxides that were formed on the surface of Ni42 metal during the electro-activation process is, in our view, a reasonable potential explanation for the poor stability of sample Ni42-300 under oxidative conditions in diluted sulfuric acid.
HER properties in acidic/alkaline medium.
OER is considered as the more challenging watersplitting electrode reaction and it is considered worth to be a focus of optimization efforts [97, 98, 99] .
In part certainly also motivated by the fact that hydrogen, with a price of 8 €/kg, is the more valuable water-splitting product, improving HER also has a high research status. The electrochemically initiated hydrogen evolution on metal surface is well established. More than one hundred years ago Tafel et al. investigated the electrode kinetics [100, 101] , with more detailed reaction mechanisms suggested in follow up studies, and hydrogen evolution activities quantified by Trasatti et al. [102, 103] respectively Miles et al [104] .
It should be noted for all HER measurements presented in this work cathodic currents were applied, i.e. even if not explicitly stated, all values of current densities carry a negative sign. Even be extracted from the outcome of these steady-state measurements. Sample Ni42-300 proved to be a stable HER electrocatalyst for tens of hours of chronopotentiometry at 1 or 10 mA/cm 2 at pH 1 and also at pH 13 (Figure 7c ), at pH 0 and 14 respectively (data not shown). Even after more than 100 hours operating time the HER performance in the pH 1 regime was similar to that at the start level ( Figure S9 ). Repeated cycling of the potential of Ni42-300 between +25 and -200 mV vs.
RHE in pH 1 medium increased the HER performance of Ni42-300 showing the very good stability of the sample towards HER in acidic regime ( Figure S10 ). This result is by far not self-evident. NiMo alloys, famous for their low overpotentials for HER in alkaline media at industrially relevant current densities [47, 48, 49, 50, 51] were indeed found to be highly active towards HER in acidic solutions, too, but Ni and Ni-Mo alloys, generally all known remaining earth-abundant solid catalysts, exhibited rather poor catalytic stability upon hydrogen formation under acidic conditions [52] . We therefore expected a quantitative charge to hydrogen formation, and this was confirmed by determining the Faradaic efficiency for the HER upon Ni42-300 at pH 13 because-the efficiency amounted to 101.8% as seen in Figure 8 . Typically, the charge to hydrogen conversion rate of up to date bifunctional electrocatalysts amounts to ~ 100% in alkaline solutions [109, 110, 111, 112] with one exception: Co 2 P nanowires exhibited a HER faradaic efficiency of ~80% in 1 M KOH [79] .
Log j versus η plots derived from catalyzed HER performed at pH 1 and 13 (Figure 9a Given the strong current to voltage ratio in more concentrated acidic-or alkaline solutions performance of sample Ni42-300 during heavy usage is also reflected in the comparison of the cyclic voltammograms gained after one-and after a thousand cycles ( Figure S12 ). Other groups found that incorporation of nonmetals like Sulfur, Nitrogen, Carbon into Ni based alloys appeared to be an encouraging strategy to increase the efficiency and the stability of materials towards HER in acidic solutions [52] . For instance Schaak et al. reported on the outstanding electrocatalytic activity (100 mV overpotential at 10 mA/cm 2 current density) and stability of nanostructured Ni 2 P towards HER in 0.5 M H 2 SO 4 [53] . However a catalyst capable of catalyzing both HER and OER in different or even the same media with appropriate performance is still difficult to find. Martindale et al. reported on bi-functional iron only electrodes for full water splitting at pH 13 at a bias of ~ 2V [109] . Significant lower cell voltages of 1.65 V, 1.68 V and 1.63 V were required for overall water splitting upon CoSe [110] film, NiCo2S4 nanowires [111] and NiSe films [112] [113] and Antonietti and Shalom et. al. [54] published data on Ni 2 P nanoparticles (NPs) respectively Ni 5 P 4 NPs as Janus catalyst in alkaline regime. Besides the already mentioned HER properties under acidic conditions [53] relatively high OER activity (290 mV overpotential) and high HER activity (~ 200 mV overpotential) combined with sufficient stability under catalysis conditions could be attested to Ni 2 P NPs in 1 M KOH at 10 mA/cm 2 as well [113] . However Schaak et al. achieved a contradicting result and reported on quickly degraded Ni 2 P to Ni when used as a HER electrocatalyst in 1 M KOH [53] . A comparable HER/OER activity and very good stability under catalysis conditions in 1 M KOH was reported for Ni 5 P 4 NPs (HER: η= 150 mV at 10 mA/cm 2 ; OER: η= 330 mV at 10 mA/cm 2 ) [54] . Table S4 gives an idea of the overall electrocatalytic OER-and HER properties of recently developed bifunctional electrocatalysts.
Although the OER performance of Ni 2 P-as well as Ni 5 P 4 NPs in 1 M KOH is not on benchmark level the combination of outstanding HER and adequate OER properties makes both compounds to attractive catalysts. However, especially in direct comparison with these very recently published data our catalyst constitutes in our opinion a highly promising alternative given the unrivaled low production costs, the very reasonable HER performance, and the stability at pH 14 (η=299 mV at 10 mA/cm 2 ) and also at pH 0 (η=189 mV at 10 mA/cm 2 ), especially as this is achieved in combination with the outstanding OER activity and stability at pH 13 (η=254 mV at 10 mA/cm 2 )
respectively at pH 14 (η=215 mV at 10 mA/cm 2 ).
The catalytic active species whilst HER upon Ni42-300. Figure S5 
Conclusion
Improving the conversion of water into its cleavage products H 2 In summary surface oxidized Ni42 alloy combines good HER performance and stability at pH 14.6 (η=275 mV at 10 mA/cm 2 ), pH 14 (η=299mV at 10 mA/cm 2 ), pH 13 (η=333 mV at 10 mA/cm 2 ), pH 1 (η=268.4 mV at 10 mA/cm 2 ) and pH 0 (η=189 mV at 10 mA/cm 2 ) with outstanding OER activity and stability at pH 7 (η=491 mV at 4 mA/cm 2 ), pH 13 (η=251 mV at 10 mA/cm 2 ), pH 14 (η=215 mV at 10 mA/cm 2 and at pH 14.6 (η=196 mV at 10 mA/cm 2 ). Especially when compared with very recently achieved Janus type characteristics of Ni 2 P [113] and Ni 5 P 4 [54] our catalyst therefore constitutes a highly promising alternative Full Water Splitting catalyst. The unrivaled cost efficiency of a watersplitting device consisting of modified Ni42 electrodes is not only based on the inexpensive Ni42 alloy but also on the potentially possible, cost effective bipolar cell configuration.
Experimental Section Preparation of the Ni 42-300 samples-Electro oxidation of stainless steel at constant potential
Samples with a total geometry of 45x10x1,5 mm were constructed from 1,5 mm thick AISI Ni 42
steel. Pre-treatment: Prior to each surface modification the surface of the metal was cleaned intensively with ethanol and polished with grit 600 SiC sanding paper. Afterwards the surface was rinsed intensively with deionized water and dried under air for 100 min. The weight was determined using a precise balance (Sartorius 1712, 0.01 mg accuracy) prior to electro-activation.
For the electro-oxidation a two-electrode set-up was used consisting of the steel sample as WE, and a platinum wire electrode (4x5 cm) used as CE. The WE (anode) was immersed exactly 2.1 cm deep (around 4.5 cm 2 geometric area), and the CE (cathode) was completely immersed into the electrolyte.
The electrolyte was prepared as follows: In a 330 mL glass beaker, 57.6 g (1.44 mol) of NaOH (VWR, Darmstadt, Germany) was dissolved under stirring and under cooling in 195 g deionized water. The solution was allowed to cool down to 23°C before usage. The anodization was performed under stirring (450 r/min) using a magnetic stirrer and a stirring bar (21 mm in length, 6 mm in diameter). The distance between WE and CE was adjusted to 6 mm. A power source (Electra Automatic, Vierssen, Germany) EA-PSI 8360-15T which allows to deliver a constant voltage even at strongly changing current loads was used for the electrochemical oxidation. The procedure was carried out in current controlled mode. The current was set to 8. After every hour approximately 2.5 mL of fresh 6 M NaOH was added to the electrolysis vessel in order to compensate the loss occurred due to evaporation. After 300 min of electro-activation the CE and the WE were taken out of electrolyte and rinsed intensively with tap water for 15 min and afterwards with deionized water for a further 10 min. The used NaOH electrolyte was transferred quantitatively into a plastic bottle and was stored for further analysis. The counter electrode was immersed into 30 mL of 2 M HCl for 12 hours. The acidic solution was stored for further analysis via ICP OES. Prior to the electrochemical characterization the samples were dried under air at ambient temperature and the weight was determined upon a precise balance as described above.
The sample preparation was repeated ten times, i.e. in total 11 samples of Ni 42-300 have been prepared this way.
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(e) (Table S3 ). The resistances reported for 10 mm RE-WE distance were corrected accordingly taking into consideration the different electrode geometry, Chronopotentiometry scans were conducted depending on the nature of the electrolyte at a constant current density of 1, 4 respectively of 10 mA/cm 2 in 90 mL of electrolyte for measuring periods < 2000 s, in 800 mL of electrolyte for measuring periods ≥ 40000 s, in 1200 mL of electrolyte for a measuring period of 450000 s in a 100 mL, 1000 mL respectively 1500 mL glass beaker. The scans were recorded under stirring (450 r/min) using a magnetic stirrer (25 mm stirring bar) for measuring periods < 2000 s, using a magnetic stirrer (40 mm stirring bar) for measuring periods ≥ 40000 s respectively.
Tafel plots
Average voltage values for the Tafel plots were derived from 200 second chronopotentiometry scans at current densities of 0. to hydrogen formation ratio of the HER, the cathode-and the anode half-cell reactions were separated from each other upon a Nafion® membrane. The distance between RE and WE was adjusted to 1 mm. The distance between RE and CE was ~ 10 mm due to the placement of the membrane in between RE and CE. Hydrogen gas was purged through the cathode half-cell for 3
hours. An inverted solution -containing graduated cylinder was positioned around the working electrode, and the volume of H 2 produced whilst chronopotentiometry at j=10 mA cm -2 was determined in function of time. The gas amount was compared to the volume calculated from the current passed and the ideal gas law at 293.15 K. The electrode area was 2 cm 2 . Total duration of the measurement: 4000 s. Volume of the electrolyte: 1700 mL. The results can be taken from 
XPS Spectroscopy
Measurements in Germany (Kuepper, Wollschlaeger):
XPS measurements were performed using a Phoibos HSA 150 hemispherical analyzer equipped with standard Al Kα source with 0.3 eV full width at half-maximum.The measurements were recorded with the sample at room temperature. The spectra were calibrated using the carbon 1s line of adsorbed carbon (E B = 285.0 eV).
Measurements in Canada (Chevrier, Zhang):
The XPS instrument used for measurements was a Multilab 2000 (ThermoVG Scientific) using a Mg X-ray source for the incident X-rays. Experiments were conducted at room temperature under ultra high vacuum conditions. Samples were etched using an Ar beam to remove adventitious carbon from the surface. Ni42 required 40 minutes of etching and the Ni42-300 required 10 minutes.
Electron Microscopy
Cross sectional analysis (vertical plane imaging) of samples was realized by dual beam FIB (focused ion beam) -SEM technique. SEM images of the cross sections were taken on a Zeiss
Auriga scanning electron microscope equipped with a Cobra FIB-column and Ga ion source using Feature Milling software module for modeling. The accelerating voltage was adjusted to 15 kV and the SEM images were acquired with a secondary electron detector.
Gas sorption
Gas sorption experiments (adsorption/desorption) were carried out using a Quantachrome Autosorb AS-1C. Physisorption was determined at 77 K and 100 K for N 2 (Linde Gas, purity > kHz). The tip radius was 10 nm. The AFM images were processed using the software Nova Px.
Determination of nickel and iron ions in the electrolyte after chronopotentiometry
When pH 7 electrolyte was used Iron ions could form with PO 4 3-ions as a precipitation of different species of iron phosphate, but no precipitation at all could be obtained in the electrolyte used for chronopotentiometry.
Twenty mL of the electrolyte used for the long time chronopotentiometry was filled in a 100 mL glass beaker. One mL of a 0,2 M FeCl 3 was added and the FePO 4 precipitation was filtered. One mL of saturated H 2 O 2 (30 wt.%, VWR, Darmstadt, Germany) was added to the filtrate and the solution was concentrated by heating it up to 95 °C for 30 min until a total volume of 3 mL was reached.
After cooling down to room temperature 1 mL of saturated ammonia (25 wt.%, VWR, Darmstadt, Germany) was added (pH 10). After shaking the mixture for 1 min one mL of a 0.1 M ethanolic Disodium bis-dimethylglyoximate (99% purity, Carl Roth, Karlsruhe, Germany) was added. No red precipitation was formed proving that no Nickel ions were present (detection limit < 1 ppm).
Determination of nickel and iron ions in the electrolyte used for electro-activation
20 mL of the electrolyte used for the electro-activation was filled in a 300 mL glass beaker (beaker Nr. 1) and the solution neutralized under stirring by adding around 75 mL of 0.5 M HCl (99% purity, VWR, Darmstadt, Germany) until-pH 6 was reached. An amount of 25 mL was taken from the solution and filled in a second 100 mL glass beaker (beaker Nr. 2). respectively. Table S1 . Column II: Mass of the steel samples before (in brackets) respectively after carrying out the electro activation procedure. Column III: Mass difference during electro-activation. mm RE-WE distance [114] . 
Sample Activation Process

